Global climate change causes an increase in ambient air temperature, a major environmental factor influencing plant physiology and growth that already has been perceived at the regional scale and is expected to become even more severe in the future. In the present study, we investigated the effect of elevated ambient air temperature on the nitrogen metabolism of two interior provenances of Douglas fir (Pseudotsuga menziesii var. glauca) originating from contrasting habitats, namely the provenances Monte Creek (MC) from a drier environment and Pend Oreille (PO) from a more humid environment. Three-to four-year-old seedlings of the two provenances were grown for 3 months in controlled environments under either control temperature (day 20 °C, night 15 °C) or high temperature (HT, 30/25 °C) conditions. Total nitrogen (N), soluble protein, chlorophyll and total amino acid (TAA) contents as well as individual amino acid concentrations were determined in both currentyear and previous-year needles. Our results show that the foliar total N contents of the two provenances were unaffected by HT. Arginine, lysine, proline, glutamate and glutamine were the most abundant amino acids, which together contributed ∼88% to the TAA pool of current-and previous-year needles. High temperature decreased the contents of most amino acids of the glutamate family (i.e., arginine, proline, ornithine and glutamine) in current-year needles. However, HT did not affect the concentrations of metabolites related to the photorespiratory pathway, such as NH 4 + , glycine and serine. In general, currentyear needles were considerably more sensitive to HT than previous-year needles. Moreover, provenance PO originating from a mesic environment showed stronger responses to HT than provenance MC. Our results indicate provenance-specific plasticity in the response of Douglas fir to growth temperature. Provenance-specific effects of elevated temperature on N-use efficiency suggest that origin might determine the sensitivity and growth potential of Douglas fir trees in a future warmer climate.
Introduction
New Mexico (Hermann 1985) . Consequently, Douglas fir has evolved a great variety of different provenances adapted to the contrasting environmental conditions in different habitats (Perić et al. 2009 ).
Due to its outstanding growth and great economic potential, Douglas fir was introduced to Central Europe at the end of the 19th century (Brandl 1989, Hermann and Lavender 1999) . In southwestern Germany, Douglas fir contributes 3% of the current stocking volume of forests. Forest management practice aiming to address increasing air temperature and changes in the precipitation pattern are expected to further increase the share of Douglas fir in managed forests in southwestern Germany (Hein et al. 2008 , Spielmann et al. 2013 ). This is due to the fact that besides its high growth potential and a more effective use of soil nutrients (Ranger et al. 1995) , many Douglas fir provenances exhibit better tolerance to drought (Keyes and Grier 1981, Kantor 2008) and increased adaptive potential to warming than other economically important conifer forest trees in Central Europe, such as Norway spruce or Scots pine (Hein et al. 2008) .
Anthropogenic climate change has already caused a 1.4 °C increase of the average land surface air temperatures in Central Europe since 1850 (IPCC 2007) . Climate models estimate a further temperature rise of 1.1-6.4 °C by 2100 (Christensen et al. 2007) . Therefore, it is obvious that temperature will become one of the most important factors influencing plant performance, growth and physiology (Wahid et al. 2007 ). The responses of plants to high temperature (HT) stress depend on the plasticity of physiological characteristics of each species (Weston and Bauerle 2007) . In addition, intraspecific variability further contributes to the specific responses and plasticity within provenances (Raitio and Sarjala 2000, Jansen et al. 2012 ) and between individuals within a provenance or population (Edfast et al. 1990, Schmeink and Wild 1990) .
Numerous studies have reported that warming enhances the growth of trees (reviewed by Way and Oren 2010) . In natural stands of coastal Douglas fir, for example, growth rates correlated positively with higher temperatures during autumn, winter and spring; however, they negatively correlated with high summer temperatures (Ormrod et al. 1999 ). The net rates of photosynthesis in Douglas fir seedlings are generally increased by elevated temperatures but the optimum temperature is assumed to be not >20 °C (Lewis et al. 2001) . Besides temperature, photosynthetic performance is strongly linked to foliar nitrogen (N) content , since N is an important constituent of compounds of the photosynthetic apparatus such as chlorophylls, Rubisco and other Calvin cycle enzymes (Margolis and Waring 1986a) ; Rubisco alone can bind 10-30% of total leaf N (Evans 1989) . Therefore, needle N content is an important parameter determining the photosynthetic responses of Douglas fir seedlings to climate change (Lewis et al. 2004) . Moreover, N is often the primary factor limiting plant growth and development in natural forest ecosystems with low anthropogenic N input .
Many studies have investigated how climate-change-related parameters (Van den Driessche and Webber 1975 , Pérez-Soba and de Visser 1994 , Ormrod et al. 1999 , Hobbie et al. 2001 , Bassman et al. 2002 , Lewis et al. 2004 and N availability (Van den Driessche and Webber 1977 , Margolis and Waring 1986a , 1986b , Bedell et al. 1999 affect the N metabolism of Douglas fir. There are, however, very few investigations on the effect of elevated ambient air temperature on Douglas fir provenances, and, to our knowledge, temperature effects on N partitioning in the needles of this species have not been reported.
In the present study, we examined the effects of elevated temperature on leaf N partitioning of two interior Douglas fir provenances, Pend Oreille (PO), originating from a humid environment in North Western Washington, USA and Monte Creek, originating from a drier habitat in the Rocky Mountains near Kamloops, British Columbia, Canada. In light of a future warmer climate, we addressed the following questions: (i) whether growth under elevated air temperature affects the quantity and quality of foliar N compounds in Douglas fir trees, and (ii) whether provenance-specific reactions and differences in N partitioning between the two interior provenances can be established in response to elevated air temperatures. For this purpose, in an experiment under controlled conditions we exposed seedlings of the two Douglas fir provenances for 3 months either to air temperatures that were close to the optimum for photosynthesis, or to higher air temperatures clearly exceeding this optimum level (Lewis et al. 2001) . We characterized foliar N partitioning by the analysis of total N, soluble protein, chlorophyll N, and amino acid concentrations as well as structural N in previous-and current-year needles.
Materials and methods

Plant cultivation and experimental design
The present study was performed with 3-to 4-year-old seedlings of two interior Douglas fir (P. menziesii var. glauca) provenances, i.e., the provenance PO from a relatively humid original environment with the mean annual precipitation of 736 mm and Monte Creek (MC) from a drier habitat, where the mean annual precipitation was 362 mm (Table 1) . These provenances are presently not commercially used in Germany and are not available there; the trees were therefore purchased from nurseries in Canada (MC, Nursery Services Interior BC Timber Sales, Vernon, BC, Canada) and the USA (PO, Webster Forest Nursery, Washington State Department of Natural Resources, Olympia, WA, USA). The trees were grown in 4-l pots filled with a substrate consisting of commercial potting soil (Anzucht-und Pikiererde, Ökohum, Herbertingen , Germany), perlite and sand (v/v/v, 1/1/1). This substrate was supplemented with long-term fertilizer (3 g l −1 substrate) (Osmocote Exact high-end 5-6, 15N + 9P + 12K + 2Mg, The Scotts Company, LLC, Marysville, OH, USA). All pots were placed into two walk-in environmental chambers (KTLK 20000-IV, Nema Industrietechnik GmbH, Netzschkau, Germany). The plants were watered with tap water every second day and, when exposed to HT, watered daily in order to avoid any water stress for the trees. The chambers were illuminated by a mixture of sodium-vapor lamps (NC 1000-00, -01 and -62, Narva, Plauen, Germany, with 6, 8 and 10-11% red light, respectively).
Over a period of 78 days from February to May 2010, all plants were stepwise acclimatized to experimental conditions (Table 2 ). During the first 10 days, the air temperature in both the chambers was raised from 10/10 to 20/15 °C (light/dark period), the photoperiod was extended from 12 to 16 h and the light intensity was raised from 250 to 600 µmol m −2 s −1 photosynthetic photon flux density. During the last 4 days of acclimatization, the temperature in the HT chamber was raised to 30/25 °C (light/dark period) in two steps, while the control temperature (CT) chamber remained at 20/15 °C. During the treatment phase, the vapor pressure deficit (VPD) during the light period was held at 0.3 kPa in the CT chamber and at 1.9 kPa in the HT chamber, which we presumed to represent humid and arid conditions, respectively. The plants had developed needles of three age classes at the beginning of the experiment. New needles appeared in the course of the acclimatization and were fully expanded before the HT treatment started. After 76 days of treatment (end of July 2010), five to six trees of each treatment and provenance were harvested, from which current-and previous-year needles were excised from the twigs, immediately shock-frozen in liquid N and stored at −80 °C until analyses.
Dry mass determination
Needles were homogenized to a fine powder and aliquots of 100 mg were dried at 60 °C to weight constancy for dry mass determination. Needle water content was calculated as the difference between fresh and dry weights.
Total N determination
Total N concentration in oven-dried (24 h, 105 °C) needle powder was determined after Kjeldahl digestion (Kjeldahl 1883) . For this purpose, 0.2 g needle powder was solubilized in 2.4 ml of H 2 O 2 and 2.4 ml of selenium sulfuric acid at 380 °C for 90 min, cooled down and filled up to 100 ml with H 2 O. The solution was analyzed for total N using the photometer AT200 (Beckman Coulter, Brea, CA, USA/Olympus, Tokyo, Japan).
Determination of amino acids and ammonium
Amino compounds and ammonium were extracted as described by Winter et al. (1992) . For this purpose, 50 mg frozen needle powder was added to 0.2 ml of extraction buffer (20 mmol HEPES, 5 mmol EGTA, 10 mmol NaF, pH 7.0) and 1 ml of chloroform/ methanol (1.5/3.5, v/v). The homogenate was shaken for 30 min on ice. After centrifugation, water soluble amino compounds were extracted twice with 600 µl of H 2 O demin . The aqueous phases were combined, centrifuged for 10 min and freeze-dried (Alpha 2-4, Christ, Osterode, Germany) for 3 days. Amino acids and ammonium were then analyzed using an ultra-performanceliquid-chromatography (UPLC) system (Waters Corp., Milford, MA, USA) as described by Luo et al. (2009) . Briefly, freezedried extracts were re-suspended in 1 ml of 0.02 mol HCl. Subsequently, 5 µl of the re-suspended extract was mixed with 35 µl of AccQ-Tag Ultra Borate buffer and 10 µl of AccQ-Tag Reagent (Waters) and incubated for 1 min at room temperature followed by 10 min derivatization at 55 °C. Norvaline (10 µmol in total) was added to the AccQ-Tag Ultra Borate buffer to account for the efficiency of derivatization. Sample aliquots of 1 µl were injected into the UPLC system; separation was achieved on an AccQ-Tag Ultra column (2.1 × 100 mm; Waters Corp.) using a gradient of AccQ-Tag Ultra eluents A and B (Waters Corp.) at a flow rate of 0.7 ml min −1 (for details see Luo et al. (2009) ). The absorbance was measured at 260 nm. For quantification amino acid standards were analyzed under identical conditions. Total amino acid (TAA) content was calculated as the sum of amino acids determined by UPLC.
Soluble protein analysis
Determination of total soluble protein was performed as previously described by Dannenmann et al. (2009) with several adaptations. For extraction, 35 mg frozen needle powder was added to 1.5 ml buffer (50 mmol Tris-HCl, 1 mmol EDTA, 15% glycerol (v/v), 1 mmol PMSF, 5 mmol DTT, 0.1% Triton X-100, 150 mg PVPP, pH 8.0). After shaking for 30 min at 4 °C and centrifugation, the pellet was extracted again with 0.5 ml of buffer; supernatants were combined. The same volume of 10% (w/v) trichloroacetic acid was added to the combined supernatants and the mixture was incubated for 10 min at 4 °C. The upper layer was discarded after centrifugation, and the pellets were dissolved in 0.5 ml of 1 mol KOH. Five microliter aliquots of the protein extract were mixed with 200 µl Bradford reagent (Amresco, Inc., Solon, OH, USA) and the absorbance was measured at 595 nm. Quantification was achieved using bovine serum albumin (Sigma-Aldrich, Taufkirchen, Germany) as a standard.
Chlorophyll determination
Chlorophylls a and b were extracted from 50 mg of frozen needle powder, using 700 µl of 98% methanol buffered with 0.5 mol ammonium acetate (pH 7.1) following the method of Mantoura et al. (1997) . After 2 h at 4 °C in the dark, the supernatant containing the pigments was separated from the pellet. The pellet was twice re-suspended in methanol. Pigments were analyzed from the combined extracts using a Genesys 10S spectrophotometer (Fisher Scientific, Waltham, MA, USA) at 470.0, 652.4 and 665.2 nm according to Lichtenthaler (1987) .
Structural N calculation
Structural N content in needles was calculated by subtracting the N fractions in amino acids, soluble proteins, chlorophylls a and b, and ammonium N from total N.
Statistical analysis
Data were statistically analyzed by one-way analysis of variance (ANOVA) and Student's t-test (when only two groups were considered) using the software package SigmaPlot 11.0 (Systat Software GmbH, Erkrath, Germany); raw data were transferred by denary logarithm if required. Least significant difference was employed for detecting the differences between treatments followed by one-way ANOVA. For data failing the normality test, the Kruskal-Wallis one-way ANOVA on ranks and the Mann-Whitney rank sum test were used to determine the significance of differences. Concentrations of all parameters were calculated based on needle dry weight.
Results
Higher air temperature did not affect total N content in needles of both MC and PO irrespective of needle age ( Figure 1A) . Generally, previous-year needles contained slightly more total N than current-year needles; this difference was significant for MC under HT (17.9 mg g −1 dry weight (DW) in previous-year needles compared with 12.8 mg g −1 DW in current-year needles). Similarly, HT had no effect on structural N content in both types of needles ( Figure 1B ). However, we observed a provenancespecific effect in the previous-year needles with higher structural N contents in provenance MC than in PO originating from a more humid environment. Like total N, structural N contents in previous-year needles were generally slightly higher than in current-year needles. High temperature did not affect the TAA contents of previous-year needles of both provenances, but caused significantly lower TAA contents in current-year needles of provenance PO (34 µmol g −1 DW at HT compared with 175 µmol g −1 DW at CT) ( Figure 1C ). Also, soluble protein concentrations showed clear provenance-specific effects in previous-year needles with considerably higher values in PO than in MC, which originates from a drier environment ( Figure 1D ). The current-year needles contained generally less protein; this effect was highly significant for PO (25 and 9.5 mg g −1 DW in previous-and currentyear needles, respectively). A very similar trend with higher concentrations in the older needles became obvious for chlorophyll a and b concentrations ( Figure 1E and F) . For provenance PO, both pigments showed higher concentrations if the trees were grown at 30 °C than under CT conditions.
Irrespective of provenance, arginine, lysine, proline, glutamate and glutamine were quantitatively the most important amino acids in all needle types (Figure 2A-J) . Together they contributed ∼90% to the amino acid N of both current-and previous-year needles. Among the amino acids, arginine showed the highest abundances in all treatments of both provenances, representing ∼70% of the TAA-N pool of current-year and previous-year needles. There was a clear tendency to higher amino acid concentrations in the previous-year than current-year needles, which was significant in MC for proline, glutamate and glutamine. Temperature caused significant effects mainly in current-year needles and only for provenance PO. Concentrations of arginine, proline and glutamine significantly decreased at HT ( Figure 2B, F and J) . The only significant effect of HT in provenance MC was a lower proline concentration ( Figure 2F ). The concentrations of N compounds associated with photorespiration did not show consistent patterns High temperature effects on Douglas fir 1093 Downloaded from https://academic.oup.com/treephys/article-abstract/34/10/1090/2446613 by guest on 06 December 2018 (Figure 3 ). The only significant temperature effect was the lower glycine concentrations in current-year needles of provenance PO in response to HT. Other significant provenance-and temperature-specific effects on photorespiratory metabolite abundances were not observed; older needles tended to contain more serine and glycine than the current-year needles.
Besides the quantitatively most important amino acids ( Figure 2 ) and N compounds related to photorespiration (Figure 3) , 16 other amino compounds were found to be abundant in Douglas fir needles (Table 3 ). In general, there were no clear effects of HT, needle age or provenance on the abundance of these amino compounds. Nevertheless, major trends became visible when amino compounds were grouped considering the corresponding amino acid families (Figure 4) . Amino acids derived from oxaloacetate ('aspartate family': aspartate, methionine, threonine, lysine) showed a clear tendency to lower amino acid concentrations in younger than older needles (Table 3) . In addition, current-year needles of PO showed slightly lower concentrations of amino acids derived from oxaloacetate (Table 3) and 2-ketoglutarate (Figure 4 ) when grown at HT. The aromatic amino acids tryptophan, phenylalanine and tyrosine showed lower concentrations in current-year needles compared with previous-year needles. The amino acids derived from pyruvate (alanine, valine, leucine, isoleucine) also showed lower abundances in younger than older needles. Figure 1 . Temperature-and provenance-specific effects on the contents of total N (A), structural N (B), TAA (C), soluble protein (D) and chlorophyll a (E) and b (F) of current-and previous-year needles of two Douglas fir provenances. Provenances Monte Creek (MC, white bars) and Pend Oreille (PO, grey bars) were grown for 3 months at 20 °C (blank bars) and 30 °C (hatched bars). Means ± standard error of five to six independent replicates are shown. Different letters indicate statistically significant differences at P < 0.05 within current-year or previous-year needles as calculated by ANOVA. Asterisks indicate significant difference between current-and previous-year needles at the same temperature as calculated by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
Discussion
Provenance-specific effects
In the present study, we investigated two Douglas fir provenances originating from contrasting environmental conditions, with provenance MC originating from a drier environment than provenance PO (Table 1 ). There were some clear provenance-specific differences in N partitioning in response to HT. Provenance PO contained considerably more soluble protein in previous-year needles and less structural N compared with provenance MC. All other components studied, except lysine in previous-year needles, showed very similar levels in the two provenances under control conditions. In response to higher growth temperature, however, only provenance MC originating from a drier environment showed HT-related changes in previous-year needles, i.e., higher tyrosine, methionine and NH 4 + contents. In PO, elevated temperature caused higher chlorophyll a and b contents, and lower TAA, arginine, lysine, glutamine, glycine, ornithine, threonine, proline and glutamate contents (Figure 4) . Only the latter two compounds were affected in provenance MC. These findings support the view that provenance originating from a humid environment (PO) reacted more sensitively to high growth temperature. Other studies on provenance-specific features of Douglas fir N partitioning are rare and data on the effects of elevated temperature have not been reported.
Effects of HT
Temperature is an important environmental determinant of plant metabolism, because most physiological processes are strongly temperature dependent (Kramer and Kozlowski 1979, Wahid et al. 2007 ). In the present study, young Douglas fir trees were exposed to elevated air temperature, High temperature effects on Douglas fir 1095 Figure 2 . Temperature-and provenance-specific effects on the contents of arginine (A and B), lysine (C and D), proline (E and F), glutamate (G and H) and glutamine (I and J) of current (right panel) and previous (left panel) year needles of two Douglas fir provenances. Provenances Monte Creek (MC, white bars) and Pend Oreille (PO, grey bars) were grown for 3 months at 20 °C (blank bars) and 30 °C (hatched bars). Means ± standard error of five to six independent replicates are shown. Different letters indicate statistically significant differences at P < 0.05 within current-year or previous-year needles as calculated by ANOVA. Asterisks indicate significant difference between current-and previous-year needles at the same temperature as calculated by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001). . Means ± standard error of five to six independent replicates are shown. Different letters indicate statistically significant differences at P < 0.05 within current-year or previous-year needles as calculated by ANOVA. Asterisks indicate significant difference between current-and previous-year needles at the same temperature as calculated by Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001).
Downloaded from https://academic.oup.com/treephys/article-abstract/34/10/1090/2446613 by guest on 06 December 2018 which certainly also led to higher temperature in the soil. The observed physiological effects therefore have to be considered as a consequence of the combination of higher shoot and root temperatures. Our study showed that seedling growth at elevated air temperature did not affect foliar N contents of both interior Douglas fir provenances ( Figure 1A ). This finding is consistent with the results of van den Driessche and Webber (1975) with Douglas fir seedlings. However, a range of studies report an opposite effect, i.e., higher foliar N content, due to growth at higher ambient air temperatures , Lewis et al. 2004 ). For example, 2-year-old Douglas fir seedlings grown at air temperature 3.5 °C above ambient contained 26% more needle N than trees grown under ambient conditions (Lewis et al. 2004) . It is likely that such higher needle N contents are a result of improved soil N availability due to increased N mineralization rates as shown in several studies (Cleve et al. 1990 , van Breemen et al. 1998 , Rygiewicz et al. 2000 , Hobbie et al. 2001 . In contrast to the studies mentioned above, which were conducted under moderately elevated temperatures (3.5 °C above ambient), seedlings in the present study were grown at considerably higher temperatures (daytime temperature of 30 °C, which was 10 °C above the ambient control temperature). Such HT might reflect stress for the trees, which may be responsible for the contrasting effects observed.
Besides structural N, largely reflecting lignin and nonsoluble protein , the main N containing compounds in Douglas fir needles were soluble proteins (Figure 1 ). Elevated temperature did not significantly affect the needles' protein content. Only in current-year needles, a trend to decreased protein concentrations became visible in both provenances. A similar negative correlation of soluble protein contents with growth temperature was demonstrated in herbaceous plants and conifers (Faw et al. 1976, Table 3 . Amino acid contents (µmol g −1 DW) of MC and PO at 20 and 30 °C. 0, 1: current-and previous-year needles, respectively. Different letters: significant differences between values in one row as calculated by ANOVA. Bold: significant difference between current-and previous-year needles as calculated by t-test. NA, value below detection limit; GABA, γ-aminobutyric acid; AABA, α-aminobutyric acid.
Groups
Amino Kandler et al. 1979 , Cloutier 1983 ). This tendency is in good agreement with the modeling results of Dewar et al. (1999) predicting lower protein levels if plants are grown at elevated temperatures. This effect might result from a more pronounced stimulation of respiration compared with photosynthesis, leading to an increased ratio of CO 2 production by respiration to CO 2 consumption by photosynthesis as well as a reduced abundance of Calvin cycle proteins. The observed temperature effects on protein concentrations were mirrored by TAA contents. Whereas elevated temperature did not affect protein and TAA contents in previous-year needles, it considerably lowered the TAA content in current-year needles of provenance PO ( Figure 1C ). This decline was caused by lower abundance of most amino acids of the glutamate family (arginine, proline, glutamine) as well as lysine and ornithine in current-year needles (Figures 2  and 4, Table 3 ). In current-and previous-year needles of both provenances, arginine, proline, lysine, glutamate and glutamine were the most abundant amino acids, accounting for >90% of the TAA N. This result is in good agreement with the amino acid content of needles of 38-year-old fieldgrown Douglas fir trees (Pérez-Soba and de Visser 1994) . Among these main amino acids, notably arginine dominated the TAA pool under all conditions. This finding is consistent with previous studies demonstrating that arginine is the most abundant foliar free amino acid not only in Douglas fir (Ebell and McMullan 1970 , Van den Driessche and Webber 1977 , Chalot et al. 1990 , Pérez-Soba and de Visser 1994 , but also in other conifers (Durzan 1968 , Carrow 1973 , Lazarus 1973 , Krupa and Branstrom 1974 , Durzan and Steward 1983 , Gezelius 1986 , Gezelius and Näsholm 1993 . Arginine is considered a marker of tree N status (Funck et al. 2008) . Consequently, field-grown trees from sites with high N availability contained high arginine concentrations in the needles, whereas this amino compound was less abundant in trees from N-limited field sites (Edfast et al. 1990 , Stoermer et al. 1997 . It is a matter of debate whether arginine can be considered an N storage. Because arginine cannot be reused or withdrawn from conifer needles (Näsholm 1994) , its accumulation represents sequestration of N rather than N storage (Millard and Grelet 2010) .
Because elevated temperature decreased the content of some of the main amino acids specifically in provenance PO, it appears that the N status of this provenance was negatively affected by elevated temperatures. This will be of particular significance if Douglas fir provenances with similar properties grow under N-limited conditions. High temperature effects on Douglas fir 1097 
Previous-year needles contain more N than current-year needles
In evergreen conifers, a great proportion (32-40%) of the N needed for new needle development is derived from remobilization of stored N (Krueger 1967 , Splittstoesser and Meyer 1971 , van den Driessche 1984 , Gezelius 1986 , Manderscheid and Jäger 1993 , Millard 1996 . The most important storage pool of this remobilized N is the older needles of the trees (Millard 1996) ; a major portion of this N in Douglas fir trees is stored in Rubisco (Camm 1993) . In Douglas fir seedlings, N-containing compounds, particularly Rubisco, from 1-year-old needles are largely responsible for the N supply of developing needles as well as the maintenance of bud and shoot extension (Camm 1993, Millard and Grelet 2010) . In the present study, previous-year needles of both provenances contained slightly more N than current-year needles, which is in good agreement with the functional role of older needle generations for N supply of developing needles. This effect was most pronounced in soluble protein concentrations of provenance PO ( Figure 1D ) and in the content of several amino acids such as proline, glutamate or glutamine, which may have derived from degradation of Rubisco as supported by the findings of Camm (1993) . The latter amino acids are typical transport compounds in trees (Palfi et al. 1974 , Schneider et al. 1996 , Fotelli et al. 2002 and might be translocated from previous-to current-year needles.
Previous-and current-year needles also differed in chlorophyll a and b contents, with higher pigment contents observed in the older needle generation ( Figure 1E and F). Higher chlorophyll a and b contents in older needle generations of Douglas fir were also reported by Thomson et al. (1996) . This finding, together with the lower protein concentrations in current-year needles compared with older needles, may be interpreted as a developmental effect. We assume that the photosynthetic apparatus of current-year needles was not completely built-up during the time of harvest (end of July), although the needles were already fully expanded. This view is partially supported by the observation that the development of current-year needles of field-grown Douglas fir trees was completed just around the end of July/beginning of August (Camm 1993) ; the development of our greenhouse-grown plants most likely occurred somewhat slower.
In general, current-year needles reacted more sensitively to elevated temperature than previous-year needles. This is concluded from the significant temperature effects on the contents of TAA, chlorophylls and many individual amino acids such as arginine, proline, glutamate, glutamine, glycine, threonine, ornithine and tyrosine (Figure 4) . We assume that these temperature effects were stronger in the younger needles because they-even though fully expanded at the beginning of the treatment-still might have been subjected to some further physiological development directly under the different temperature regimes, whereas the older needles were already fully developed at the beginning of the experiment.
Metabolites related to photosynthesis and photorespiration
The present results clearly indicate higher chlorophyll a and b contents in current-year needles of provenance PO if grown at elevated temperature ( Figure 1E and F) . Work with Douglas fir seedlings of coastal origin, grown at 3.5 °C above ambient air temperature, exhibited similar changes in chlorophyll contents together with increased CO 2 assimilation rates (Ormrod et al. 1999) . However, in the present study we observed these changes only in provenance PO, originating from a more humid environment. We hypothesize that different developmental velocities under elevated temperature caused provenancespecific differences in chlorophyll contents; needles of PO may have developed the photosynthetic apparatus faster at HT than provenance MC originating from a drier environment. On the other hand, we cannot exclude that the photosynthetic apparatus of provenance PO was better adapted to elevated temperatures than that of provenance MC. Growth at daytime temperature 30 °C may have caused stress for MC only, with the consequence of a slower development of the photosynthetic apparatus. In good agreement, combined carbon and oxygen stable isotope signatures of several plant tissues indicated a decrease in assimilation and stomatal conductance in response to HT and VPD, as well as lowered biomass accumulation (K. Jansen and A. Gessler, unpublished data) .
The expected higher temperatures in the future climate are most likely to increase the loss of carbon by enhanced photorespiration (Clark and Menary 1980 , Long 1991 , Kozaki and Takeba 1996 , Peñuelas and Llusià 2002 and leaf dark respiration (Lewis et al. 1999) . We therefore focused on N compounds related to photorespiration. However, in needles of both Douglas fir provenances, NH 4 + , glycine and serine concentrations were not changed significantly by elevated temperature. However, metabolite contents alone may not be sufficient to detect changes in photorespiration rates. Metabolite flux analyses or gas exchange measurements separating photosynthesis, dark respiration and photorespiration would be required for a better understanding of the contribution of each of these processes to net CO 2 exchange between Douglas fir needles and the atmosphere.
Conclusion
The present study showed that HT affects Douglas fir N partitioning in a provenance-specific manner. Whereas provenance MC from a drier environment did not react strongly to HT treatment, provenance PO originating from a more humid environment showed clearly reduced contents of N-containing compounds, particularly of amino acids involved in the transport and storage of reduced N, in current-year needles. We hypothesize that particularly trees of Douglas fir provenances showing high sensitivity to HT may experience even stronger N deficiency if grown under N-limiting conditions. Our results underline the importance of research at the level of provenances in order to improve present knowledge on climate-change-related effects on the performance of forest trees.
